Long-term integration of neuroprosthetic devices is challenged by reactive responses that compromise the brain-device interface. The contribution of physical insertion parameters to immediate damage is not well described. We have developed an ex vivo preparation to capture real-time images of tissue deformation during device insertion using thick tissue slices from rat brains prepared with fluorescently labeled vasculature. Qualitative and quantitative assessments of damage were made for insertions using devices with different tip shapes inserted at different speeds. Direct damage to the vasculature included severing, rupturing and dragging, and was often observed several hundred micrometers from the insertion site. Slower insertions generally resulted in more vascular damage. Cortical surface features greatly affected insertion success; insertions attempted through pial blood vessels resulted in severe tissue compression. Automated image analysis techniques were developed to quantify tissue deformation and calculate mean effective strain. Quantitative measures demonstrated that, within the range of experimental conditions studied, faster insertion of sharp devices resulted in lower mean effective strain. Variability within each insertion condition indicates that multiple biological factors may influence insertion success. Multiple biological factors may contribute to tissue distortion, thus a wide variability was observed among insertions made under the same conditions. M This article features online multimedia enhancements
Introduction
Many techniques developed to study brain function or to treat neurological disorders involve inserting devices into the brain, yet very little is known about the immediate damage produced by these insertions. 5 Author to whom any correspondence should be addressed.
Refinements in neuroprosthetic design and fabrication have resulted in devices with multiple electrodes capable of recording large volumes of information [1] [2] [3] [4] [5] [6] , stimulating discrete brain regions to alleviate symptoms of neurological disorders [7] [8] [9] , or restoring peripheral sensation [10, 11] . The potential these devices hold is presently limited by biological reactive responses to their insertion and chronic presence in the brain [6, [12] [13] [14] . Reactive responses are triggered by device insertion and culminate weeks later in the formation and persistence of a fibrous and cellular sheath encapsulating the device that impedes recording and stimulation of neuronal activity. The early events leading to sustained sheath formation stem from damage to both the nervous parenchyma and the neurovasculature during the initial insertion [15, 16] .
Micromachined silicon devices inserted into the brain encounter the same difficulties as conventional glass microelectrodes and microwires [17] .
Device volume, geometry and rate of insertion may all affect the ability to penetrate and travel through the cortex with minimal disruption. While it has been shown that the amount of insertion-related damage is influenced by device size [15] , the role of other physical factors including device geometry and insertion speed are unknown. We propose that insertion conditions can be established that will produce less damage, thereby minimizing both initial brain damage and the consequent reactive responses.
Computer modeling of imaging-based brain simulations [18, 19] , forces acting on the surface of fresh brains [17, 19, 20] or forces generated during insertion into soft materials including agarose [21] provide some insight into the strains introduced by device insertion. However, these typically do not incorporate the heterogeneous composition of neural tissue, including an analog to the pia. Both of these tissue characteristics will have considerable impact on the dynamics of insertion and tissue deformation. Studies using biological material have typically focused on surface deformation and the forces generated during insertion [17] ; however, these often do not directly address damage and strain occurring within the cortex itself.
The neurovasculature contributes greatly to the heterogeneity of nervous tissue and of the pial surface. The simple pia consists of one or several layers of fibroblasts (leptomeningeal cells) separated from the underlying nervous tissue by a thin basal lamina [22, 23] . In the rat, the pia is continuous with cells of the arachnoid and the subdural mesothelium over much of the cerebral cortex [24] . Arteries and veins travel across the pial surface to supply the cortex and deeper brain structures. Large conducting arteries (∼700 µm diameter in humans) branch into distributing arteries (∼200 µm diameter) that in turn give rise to precortical arteries (∼60 µm diameter) that eventually penetrate the cortex perpendicular to the surface [25] . Penetrating intracortical arteries supply superficial, middle, or deeper regions of cortex, organized in a regular pattern that reflects their ontogeny [26] . Unlike intracortical arteries, larger intercortical arteries pass through the cortex to supply deeper brain structures. All of these vessels are composed of thick connective tissue and smooth muscle layers. Intracortical arteries branch laterally to form primary arterioles, and these eventually lead to thinwalled capillaries 4-5 µm in diameter. Veins travel back through the cortex and across the pia to reach the dural sinuses, and are characterized in part by thinner walls relative to arteries of the same diameter. Whereas gray matter itself possesses a relatively homogenous composition, the neurovasculature that courses through it varies considerably in terms of thickness and strength.
In order to assess the contribution of tip geometry and insertion speed to the damage caused during device insertion, we have developed an ex vivo insertion procedure that allows us to track the movement of labeled vascular and cellular elements using real-time video microscopy. Analysis of the resulting images enabled us to observe general insertion effects including surface compression, tissue distortion, as well as specific damage to the neurovasculature that may have profound repercussions on the surrounding neural tissue. Qualitative analysis revealed that in general, faster insertions resulted in less damage to the neurovasculature. In order to use quantitative analytical methods, we developed algorithms for automated image analysis to permit tracking of up to 100 interest points within each image sequence during a single insertion. These measures permitted calculations of tissue deformation and maximum and effective strains resulting from insertion. Within the range of speeds and device geometries studied, faster insertion of sharp devices resulted in lower mean effective strain in superficial and middle regions of cortex. The results of this study will help guide future design of neural prosthetic devices and enable the establishment of optimal insertion conditions.
Materials and methods

Probe fabrication
Model silicon prosthetic devices were fabricated from 1 0 0 oriented, p-type 4 silicon wafer polished on both the front and back. The overall fabrication process combined dry and wet etching techniques for silicon micromachining. Briefly, a photoresist was deposited and patterned to permit deep reactive-ion silicon etching to a depth of 60 µm. The etch depth determines the final shank thickness of the devices. To protect the sidewall of the shaft from anisotropic KOH etchant, silicon nitride film was deposited onto the patterned side. In addition to the thin film, a Teflon R shield was used to protect one side from the KOH etching. This Teflon R shield containing the wafer was immersed in a 30% wt KOH solution at 65
• C. The etch rate was approximately 0.55 µm min −1 . The silicon on the backside of the wafer was etched until the structure was shown. Finally, the shield was peeled off and then the silicon nitride film used as a hard mask for the front side was removed by reactive-ion etching. All devices used for this experiment had a single 2 mm long shaft, and a 60 × 100 µm cross-section. Three different tip shapes were used for this study (figure 1). Sharp tips had a 5
• interior angle, medium tips had a 90
• interior angle, and blunt tips had a 150
• interior angle. Transcardial perfusion of cold (5-8
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• C) 50 ml fresh external solution (125.0 mM NaCl, 2.50 mM KCl, 1.25 mM Na 2 HPO 4 , 2.00 mM CaCl 2 , 1.00 mM MgCl 2 , 25.0 mM NaHCO 3 , 25.0 mM dextrose) preceded injection of vascular fluorescent markers consisting of 3 ml external solution containing 100 mg FITC-labeled 2 × 10 6 MW dextran (Sigma-Aldrich, St Louis, MO) and 30 µl of 1 µm diameter Fluobeads with 488 nm excitation and 560 nm emission (Molecular Probes, Eugene, OR). Brains were harvested following decapitation, blocked, and cut into 500 µm-thick coronal sections using a Vibratome 1500 (Vibratome, St Louis, MO). Sectioning was performed in cold slicing buffer (85.0 mM NaCl, 2.50 mM KCl, 1.25 mM NaH 2 PO 4 , 0.50 mM CaCl 2 , 4.00 mM MgCl 2 , 25.0 mM NaHCO 3 , 25.0 mM dextrose, 75.0 mM sucrose) equilibrated to 95% O 2 /5% CO 2 . Slices were kept in a custom-built holding chamber for 30 min to 6 h prior to insertion, at room temperature, in a 1:1 mixture of external and slicing solutions saturated with 95% O 2 /5% CO 2 .
Device insertion and image acquisition.
Brain slices were placed in a coverslip-bottomed 60 mm diameter Petri dish and held in place by a fine nylon mesh supported by a U-shaped flattened 10-gauge silver wire placed on top of the slice (figure 1). Slices were immersed in patch solution saturated with 95% O 2 /5% CO 2 under steady flow conditions. Slices were firmly attached to the coverslip using Tisseel fibrin glue (Baxter, Inc., Vienna, Austria).
At the beginning of each day, devices were glued to the insertion arm using cyanoacrylate adhesive (Elmer's Products Inc., Columbus, OH). The device was oriented parallel to the long axis of the insertion arm using a stereomicroscope with alignment guides fitted in the ocular lens. The device was positioned 80-100 µm above the dish floor, and leveled by ensuring the tip and base of the shaft were both in focus.
The custom Petri dish was placed on an Axiovert 100M fluorescence microscope (Carl Zeiss Inc., Germany) fitted with a 10× objective and an AxioCam HRm camera (Carl Zeiss Inc., Germany). The focal plane for all experiments was typically 30 µm above the slice bottom. Images were captured with frame rates of approximately 3.3 frames s −1 . For each insertion, separate videos of device insertion and subsequent retraction were recorded. The size of each image was 1040 pixels high by 1388 pixels wide, corresponding to 1061 × 1416 µm. For qualitative analysis, insertion videos were scored on the basis of evidence of vascular displacement, rupture, severing, or dragging across the entire field of view.
Image analysis: measuring Pia deformation
Real-time insertion images were opened using ImageJ software [27] and a feature on the pial surface where the device was inserted was tracked through successive frames using the Manual Tracking plugin. Tracking stopped when no further positive displacement (compression) was observed. The total displacement along the axis of insertion was then calculated for each insertion.
Image analysis: measuring tissue deformation
The image analysis approach was based on identifying a set of distinctive points in each video frame, termed 'interest points'. These points were tracked from one frame to the next to generate trajectories. These points and tracks were filtered to eliminate outliers, and the deformation field was estimated.
For quantitative analysis, an area of size 1000 pixels high by 1100 pixels wide was used, from row 20 to row 1020 and from column 15 to column 1115.
Extracting interest points: Harris detector.
Points in an image, denoted I, at which the intensity value changes abruptly in more than one direction are useful as landmarks for image matching [28] . These points are called 'interest points' [29] . The Harris corner detector [30] is widely used for detecting interest points. It is based on calculating the autocorrelation matrix M for each pixel using a small window of surrounding pixels W:
where the sum is over W, w is a Gaussian kernel used for smoothing the image to avoid corners due to image noise, and ⊗ stands for the convolution operation. If at a certain point the two eigenvalues of the matrix are large, then a small motion in any direction will cause a significant change in intensity. This indicates that the point is a corner. For a given pixel (i, j ), the corner response proposed by Harris is given by
where k is a parameter set to 0.04-0.06. R is the response matrix and its size equals the image size, which means that every point (pixel) in the image has its corner response. Interest points (corners) were defined as local maxima of the corner responses matrix R. For this purpose, the image was divided into 100 'parent' windows (100 pixels high by 110 pixels wide) that were further subdivided into four sub-windows (50 pixels high by 55 pixels wide), for a total of 400 sub-windows. The local maximum values of Harris responses were identified within each sub-window to generate 400 'children' interest points scattered across the image.
Tracking interest points.
Interest points were assumed to move independently of one another, even though they represent different regions of the same neurovascular network. This assumption was important to permit identification and removal of outliers by comparing tracking results to results from neighboring interest points. Groups of four interest points were filtered as described in section 2.4.5, and outliers were rejected on the basis of significant deviation from the median deformation of the four interest points. In this way, specific damage events such as dragging of blood vessels by the device could be identified and separated from our analysis of overall tissue deformation, since these vessels would exhibit greater displacement than the surrounding, unaffected blood vessels.
In order to test similarity measures (matching algorithms), we used the gray-level information around each interest point in the first image, and searched for the best matches. This method was used for two reasons: (1) since gray-level information around each interest point is assumed to contain high information and be geometrically stable, it is easier to find a match for such a window, and (2) our approach yielded accurate results after using a Harris detector only once, for the first frame, instead of using features matching techniques that require extracting interest points at each frame which is computationally expensive.
Template matching.
Template matching techniques are relatively routine. The first step was to take a window around an interest point in a given frame as a template (figure 2). The size of this template was not fixed and could be used as a tuning factor that depended on the animation. The second step was to search for this template in the next frame using a template-matching algorithm. The search area was centered on the interest point from the previous frame. The size of this search area depended on the device insertion speed, and was always greater than the template area. The template window started from the upper left corner of the search window, and scanned pixel by pixel from left to right and from top to bottom. At each pixel the normalized crosscorrelation between the template window and its projection on the search window was calculated. The point that provided the best match was then established as the new location of the interest point in the next frame.
Normalized cross-correlation (NCC). Given an image
I and a template window T , centered at the point (u, v) in the search window, the normalized cross-correlation (NCC) between the template and its projection on the image (a window centered at (u, v) and with the same size as T) is given by
This operation is performed over all the points inside the search window, and the maximum value of NCC is at the point that gives the best match. The normalized crosscorrelation overcomes some disadvantages of the common cross-correlation operator: (1) cross-correlation is invariant to a linear (affine) transformation of image intensities (a constant addition and common scaling of intensity), and (2) the range of CC depends on the size of the template window. NCC produces a peak with a value of 1.0 at the perfect match between the template window and its corresponding window in the search area. The center of this matching window will be the new interest point location. NCC is relatively robust in the presence of noise, changes in scale and gray level, and image deformation [31] .
Rejecting outliers.
As outlined above, 'children' interest points were treated as independent of one other, and then regrouped to reject the outliers by choosing a single 'parent'. The portion of the image containing the tissue was initially divided into 100 'parent' windows (100 pixels high by 110 pixels wide), with the goal of identifying one interest point in each block that best represents that block's deformation ( figure 2(B) ). In some cases interest points may not reflect overall tissue deformation; for example, when the interest point and its vascular counterpart were dragged through the tissue by the device during insertion. The 'children' strategy reduced the risk of tracking these outliers. Each parent window was divided into four sub-windows (50 pixels high by 55 pixels wide), and a child interest point with the maximum Harris response was chosen for each sub-window, to yield 400 children interest points. The parent interest point is the child interest point with the maximum Harris response. The deformation occurring on the parent interest point was computed after using the following two-step method for filtering the results:
Deformation in the direction of device insertion should be greater or equal to the deformation perpendicular to this axis. Any point that does not pass this test was rejected. Rejection was accomplished by making the deformation on this point equal to the deformation on the nearest-neighbor point that passed this test. 2. Local median filtering. Median filtering of every four child interest points was performed by taking the median of their x and y deformations, and considering the resultant values as the deformation of their parent interest point.
In summary, the above image analysis steps provide an objective and fully automated approach to measuring tissue deformation at 100 discrete points in the tissue slice across the entire field of view.
Biomechanical strain analysis
Our aim is to first obtain a continuous representation of the deformation field from the discrete displacement data provided by the point traces. Such a representation allows prediction of displacements at any point within the image domain. We denote the displacement at any point (x, y) of the image by its x-and y-components u x and u y , respectively. To get rid of outliers in the image data, the moving least squares (MLS) technique [32] is used to first rectify the data in a least-squares sense. For example, the u-displacement is rectified as
where N in the number of interest points tracked in the image and h I is a function defined in [32] which is nonzero only on a finite disk around each interest point I. In order to generate a smooth and continuous deformation field we project the rectified displacements onto a regular 21 × 21 grid covering the original 1000 pixel by 1100 pixel area used to generate interest points.
Once the displacement field is generated, the strain fields may be computed in a straightforward manner using the following expressions [33] where ε xx and ε yy are the normal strains and γ xy is the shear strain. Instead of looking at three different strains, which depend on the coordinate system in which they are measured, our goal was to compute the maximum strains (shear and normal) in the tissue, which are significantly better indicators of damage. Specifically, we have calculated (1) principal strains, (2) maximum shear strain and (3) effective strain from these nominal and shear strain data.
In a body under plane strain, the strain state can be completely described by two mutually orthogonal strains and a direction of one of the strains. In this coordinate system, known as the principal axes, all of the shear strains disappear and the remaining strains, known as the principal strains (denoted as ε 1 and ε 2 ), are purely tensile or compressive. The mathematical expressions for the principal strains are
For any given strain situation, max(ε 1 , ε 2 ) represents the maximum normal strain in the tissue. The set of axes inclined at 45
• to the principal axes of strain is the set for which shear strain component is a maximum, γ xyMax
The effective strain is computed from the principal strains ε 1 and ε 2 using the formulā
This measure is used extensively in the applied mechanics literature to assess damage to materials. Thus, we have taken deformation information from 100 interest points derived from our vascular markers located throughout each tissue slice and transformed them into a regular grid of 21 × 21 effective strain measurements across the tissue area.
Statistical analysis 2.6.1. Criteria for data inclusion.
Insertion data were first screened to meet several criteria. A few of the first insertions exhibited considerable drift or vibration of the insertion arm, evidenced by visual inspection of the insertion movies as well as significant global lateral deformations. Insertions demonstrating these properties were excluded. In some cases, the fibrin glue adhering tissue slices to the culture dish was insufficient, and the slice buckled. Each insertion movie was followed by a movie scanning different brain regions beneath the insertion site, and buckled tissue slices were easily identified by out-of-focus vasculature around deeper cortical layers, usually the corpus callosum and/or hippocampus. Insertions resulting in tissue buckling were excluded from subsequent analysis. Slices that were incubated longer than 6 h demonstrated less deformation and strain, suggesting initial degradation of the pia. This effect was not observed prior to 6 h, nor was there a gradual decline in strain over time during this period. Finally, insertion attempts through pial blood vessels resulted in severe compression (see figure 5 ) regardless of condition and were consequently excluded from average strain measurements. 
2.6.2.
Statistical analysis. For each insertion, mean effective strain values were calculated for each of nine regions comprising a 3 × 3 grid of strain measurements (figure 6); 49 individual strain measurements from the original 21 × 21 grid (section 2.5) were averaged in each sector. Regional averages for each insertion condition were compared using a one-way ANOVA followed by Hsu's Multiple Comparison to the Best (MCB) post hoc analysis using JMP software (SAS Institute, Cary, NC). Differences were considered significant at p 0.05.
To compare the slope and intersects of regression lines for data correlating pial deformation versus mean effective strain, we used the linear regression function of GraphPad Prism (GraphPad Software, Inc., San Diego, CA). Differences were considered significant at p 0.05.
Results
In order to directly visualize brain tissue deformation and vascular damage during device insertion, the vasculature of intact animals was labeled with fluorescent dextran and microbeads prior to tissue slice preparation. The fluorescent dextran filled the blood vessels, providing clear descriptions of vascular size, distortion, compression and rupture. The microbeads provided discrete sites that improved our automated tracking. Real-time video imaging of these preparations provided a clear description of specific vascular damage and tissue deformation during device insertion (see movie 1). These real-time images were analyzed using custom software to track several hundred interest points in each image as they moved in response to insertion (figure 3; movie 2). Two types of information derived from the real-time images will be discussed: qualitative descriptions of damage to the neurovasculature and quantitative analyses of tissue deformation provided by automated tracking.
Qualitative analysis of vascular damage
Four general types of vascular damage were observed: (1) fluid displacement, (2) vessel rupture, (3) vessel severing and (4) dragging of blood vessels by the device. Fluid displacement was frequently observed within the transcerebral arteries that traverse the cortex perpendicular to the surface ( figure 4(A) ), often as far as 300 µm away from the insertion site. Fluid Figure 5 . Frequency of specific vascular damage relative to insertion conditions. Fluid displacement along transcerebral arteries, rupture at the downstream ends of these vessels, severing and dragging of microvasculature were recorded. Overall, faster insertions resulted in less damage to the neurovasculature; tip geometry did not contribute to vascular damage in a predictable way.
contained within the vessels was usually pushed away from the pial surface. In many instances, the downstream branches of arteries where fluid was displaced were unable to withstand the accumulating pressure, and consequently ruptured. These cases were clearly not due to fluid leaking from vessels at the edge of the slice, since the fluorescent material escaping from ruptured vessels first formed a compact, confined bolus that expanded beside the ruptured vessel before reaching the edge of the tissue slice and diffusing into the saline ( figure 4(B) ; movie 3).
Severing, tugging, and dragging of the microvasculature occurred along the insertion track ( figure 4(C); movie 3) . In many cases a substantial network of microvasculature was involved, presumably resulting in considerable damage to the surrounding neural parenchyma. In addition, smaller precortical and cortical pial arteries were sometimes carried into the brain along with the device ( figure 4(D); movie 3) . Surprisingly, these events did not correlate with tip geometry (figure 5). Generally speaking, all of these events occurred more frequently at slower (500 and 125 µm s −1 ) insertion speeds (figure 5). Fast insertion (2000 µm s −1 ) of sharp devices was the only condition where no specific vascular damage was observed.
Importance of cortical surface features
Attempts to insert devices of any shape at any speed were severely impaired when devices were inserted through thicker regions of the pia, specifically where large distributing arteries (∼200 µm diameter) or similarly sized veins were present along the cortical surface. In the majority of insertions where severe compression was observed, examination of the device retraction videos revealed that a pial vessel interfered with the insertion process and was adhered to the device (figure 6). Insertions through smaller precortical and cortical arteries (∼30-60 µm diameter) often did not result in severe compression, although these vessels were sometimes carried into the neural parenchyma by the device (movie 3). Devices inserted through larger surface vessels occasionally managed to partially penetrate the slice; this may reflect differences in vessel wall thickness between arteries and veins. Under no circumstances did devices interacting with surface vessels insert cleanly.
Automated image analysis and manual validation
In order to make quantitative measurements of insertiongenerated tissue deformation, an automated method for tracking discrete interest points throughout each insertion was developed (see section 2). Briefly, this procedure first identified 400 candidate interest points (each a box of 10 × 10 pixels with a unique arrangement of intensities) in the first image frame, then tracked the 100 points with the highest Harris scores through subsequent image frames.
The dextran-and microbead-labeled vasculature provided ideal markers for tracking tissue deformation during device insertion. The method for tracking interest points between successive frames (figure 2) worked equally well for insertions at all speeds. Although some of the vascular distortion resulted in a change in position relative to the surrounding tissue (e.g. displacement, rupture, dragging, severing) the method of excluding interest points that moved differently than their neighbors ensured that interest points reflected overall tissue deformation (see section 2). In order to ensure that automated tracking accurately described insertions, 3000 interest points were manually tracked through the insertion phase of all fast and some medium and slow insertions. For insertions at all speeds, interest point tracking was exceedingly accurate over the central portion of the image. Once interest points reached the edges of the image, because a significant fraction of pixels from the previous template window were no longer present, the tracking algorithm either stalled at the previous location or adopted a new interest point for tracking. In cases where severe compression was observed, interest points derived from the upper cortical layers in the direct path of the device sometimes became difficult to track because large template changes occurred from one frame to the next as the vasculature underwent rapid changes during deformation. In these cases, the algorithm typically adopted a new interest point that underestimated the true deformation.
Because automated tracking of interest points was most accurate over the central portion of the image, the strain data were grouped into nine regions comprising a 3 × 3 grid across the tissue (figure 7) to ensure that erroneous tracking near the edges of the tissue did not detract from measurements made along the insertion track. This allowed us to use the automated tracking data without resorting to manual editing of individual data sets.
Quantitative analysis of the effects of tip geometry and insertion speed
For superficial and middle cortical layers along the insertion track, lower mean effective strains were observed for sharp tips with faster insertions (figure 7). Using Hsu's Multiple Comparisons to the Best (MCB) post hoc test to assess the significance of differences in mean effective strains in each of the nine regions, we found that fast insertion of sharp tips resulted in significantly lower strains than (1) slow insertions of medium-shaped tip geometries ( p = 0.033) and mediumspeed insertions of medium-shaped tips ( p = 0.021) in the superficial region of cortex along the insertion track near the surface (figure 7(A)), and (2) slow insertions of sharp ( p = 0.035) and medium-shaped ( p = 0.046) tip geometries in the mid-region of cortex along the insertion track ( figure 7(B) ).
Our quantitative analysis indicated that additional biological variables might contribute to the variation in the observed mean effective strains for each insertion. To address this possibility, we chose to consider one such variablethe amount of surface deformation along the insertion track. We chose this variable because it reflects the ease with which devices penetrate the pial surface. We compared the calculated mean effective strain with the maximum distance the pia was displaced for each insertion (a measure of surface compression), grouped according to device tip geometry ( figure 8(A) ) or insertion speed ( figure 8(B) ). These two parameters are strongly correlated ( p 0.001 for all cases), and this relationship was independent of tip geometry, but dependent on insertion speed, with insertion at medium speed (500 µm s −1 ) causing significantly less mean effective strain for a given amount of pial compression ( p 0.01).
Discussion
Labeled brain slices provide a powerful approach to assess the consequences of different insertion parameters in terms of vascular and cellular damage and overall tissue deformation and strain. This study clearly demonstrates that there is much more happening than simple deformation and compression of a homogenous tissue, rather the brain is a complex heterogeneous material that requires greater understanding and characterization before accurate simulations can be developed. The vascular damage described here could not have been observed using computer modeling or imaging the cortical surface during insertions into whole brains or agar tissue phantoms. This technique will serve as the cornerstone of future studies addressing the importance of additional insertion parameters for optimal device insertion.
We anticipated that sharp tips might tend to sever microvessels whereas blunt tips might drag microvascular networks. Surprisingly, tip geometry had little effect on the frequency or type of vascular damage (figure 5). Considering the relatively small cross-sectional area of our devices (60 × 100 µm), it is possible that tip geometry is not as critical as it may be for larger devices (e.g. deep-brain stimulating electrodes, ∼1500 µm in diameter). However, insertion speed played an important role, with faster insertions generally resulting in fewer cases of observed vascular damage. Regarding fluid displacement and vessel rupture, faster insertions (2000 µm s −1 ) appeared to cause the least amount of fluid displacement along transcerebral arteries, whereas slower insertions (500 and 125 µm s −1 ) often resulted in displacement and downstream rupture of these vessels. Tissue distortion during slower insertions may have displaced fluid along transcerebral arteries without permitting time to recover, resulting in a greater tendency to rupture. If so, using insertion speeds slower than 125 µm s −1 may provide these arteries time to re-equilibrate and recover without subsequent rupture. Future studies will address this possibility.
Review of the videos demonstrated that vascular damage can occur a considerable distance away from the insertion site. Compression and rupture of transcerebral arteries occurred as far as 300 µm away, and dragging of smaller vessels could distort extensive networks of neurovasculature, presumably disrupting the surrounding cells. This raises the possibility that the immediate damage triggering reactive responses may extend further from the insertion site than previously thought. We have hypothesized that cell-to-cell signaling resulting from release of pro-inflammatory factors was responsible for the extent of the observed reactive responses [15] ; however, these observations suggest that direct cell damage due to tissue distortion and vascular damage may also contribute. Minimizing the initial insertion damage may therefore help reduce subsequent reactive responses. Combining conditions that produce minimally damaging insertions with pharmacological intervention strategies to control reactive responses [34] may provide adequate control of the reactive responses and device encapsulation to ensure long-term, consistent device performance, enabling stable signal recording.
One of our primary goals was to determine whether the design and insertion parameters we selected would reveal a clear set of optimal insertion conditions. Quantitative analysis of fast (2000 µm s −1 ), medium (500 µm s −1 ) and slow (125 µm s −1 ) insertions indicated that fast insertions of sharp tips resulted in the lowest mean effective tissue strains ( figure 7) . However, the differences between insertion conditions were only significant between the best (fast insertions of sharp-tipped devices) and worst conditions (slow insertions of medium-and sharp-tipped devices), and only along the insertion track. Our interpretation of this result is two-fold. First, while our range of insertion speeds spanned the full range available to our insertion tool, they are not representative of the full range of speeds used in research using neuroprosthetic devices, including both slower (∼100 µm min −1 ) [35, 36] and faster (>8.3 m s −1 ) [37] insertions. Similarly, our device geometries were of consistent thickness and were not as thin as Michigan electrodes (16 µm thick) or tapered three-dimensionally like electrodes in the Utah array. Future improvements in our experimental apparatus will permit exploration of a wider range of insertion speeds and different device geometries; differences between these more extreme insertion conditions may be more significant. Second, there are likely a number of as yet unrecognized biological factors affecting these measurements, which may contribute to large variances that obscure the differences between our experimental conditions. Clearly we must understand and address sources of biological variability, since these may be of key importance to determining conditions that will reliably produce minimally damaging insertions.
One such variable appears to be the location of the insertion site relative to pial structures. For instance, approximately 20% of insertions resulted in severe compression (e.g. figure 6 ). Movies recording the withdrawal of these devices demonstrated that most of the devices had blood vessels adhering to the tip, suggesting these insertions were attempted through pial blood vessels. It is clear that pial structure varies across the surface of the brain. Correlating maximum pia deformation and mean effective strain provided data consistent with this hypothesis. These correlations demonstrate no significant effect of tip geometry on insertion; however, insertion speed did have a significant effect. Specifically, the medium insertion speed (500 µm s −1 ) resulted in lower mean effective strain for a given amount of pia deformation. However, the effect of tip geometry requires additional investigation, since examination of these data reveals that the sharper tips did not produce the larger strains associated with blunt and medium tip geometries ( figure 8(A) ). These observations indicate that effectively penetrating the pia is a critical step in reducing tissue deformation and damage, and that optimal insertion conditions for penetration of the pia and travel through the brain parenchyma may be different.
We hypothesize that slower insertions (125 µm s −1 ) failed to penetrate the pia thus generating more tissue strain, while faster insertions (2000 µm s −1 ) were able to penetrate the pia but did not allow as much tissue relaxation as the medium insertion speed (500 µm s −1 ). Future studies including measurement of insertion forces will test these hypotheses.
The contribution of cortical surface features cannot be overemphasized. Devices successfully inserted through smaller pial vessels can carry leptomeningeal cells into the brain (figures 6 ((D) and (E)). These cells may then interact with local astrocytes to form a thick sheath similar to the pial glia limitans, which could suppress neurite outgrowth much like the pia [38, 39] . Furthermore, inserting devices through pial vessels likely impairs circulation over an extensive tissue volume. The smallest 'precortical' arteries deliver blood to a column of cortical tissue beneath an area of the surface approximately 1 mm 2 , while upstream 'distributing' arteries supply a territory of approximately 7.5 mm 2 in humans [25] . Both classes of arteries were disrupted in our experiments, with severe consequences at least in terms of insertion success. From a functional standpoint, very few (sometimes single) precortical arteries often supply an entire functional unit in barrel cortex [40, 41] ; the distributing area of these arteries also corresponds to the width of human ocular dominant columns of the visual cortex [25] . Clearly, disruption of even the smallest surface vessels can have profound neurological consequences. Increased damage caused by insertion through cortical surface vessels may help explain why the electrodes on some shanks but not others within multishank arrays simply fail to work, and why amplified reactive responses are often observed around some shanks but not others [42] . While it is possible to orient single shank devices so they avoid pial vessels, the rigid conformation of multishank arrays precludes this approach, especially when facing the density and inter-animal variation in the distribution of surface vessels. Thus, minimally damaging insertions will require the use of carefully regulated insertion speeds, devices with a relatively small number of shanks, and careful positioning of these devices at the time of insertion.
